Chlorophyll a/b, Protein, Light-Harvesting, Polypeptide, Subcomplex, Trimer CP26, CP29 and three different LHC II subcom plexes have been purified from a carnation photosystem II (PSII) preparation using non-denaturing isoelectric focusing in a vertical polyacrylamide slab gel. The identity of the fractions was established by absorption spectros copy, SDS-PAGE and immunoblotting. CP26 comprised a single apoprotein of 26.6 kD a and CP29 contained two apoproteins of 28.8 and 28.5 kDa. LHC II subcom plex A consisted of Lhcbl homotrimers, and subcomplexes B and C consisted o f Lhcbl/Lhcb2 and Lhcbl/Lhcb3 heterotrimers, respectively. We discuss the data in antenna in vivo.
Introduction
The light-harvesting chlorophyll alb-binding protein complexes of photosystem II (PSII) are a family of pigm ent-proteins which account for the majority of PSII chi and protein. They bind chi a and b, and the xanthophylls lutein, neoxanthin, violaxanthin, antheraxanthin and zeaxanthin (Jansson, 1994) . The main light-harvesting com plex of PS II, LHC II, binds more than 50% of the chi in the thylakoid membrane (Chitnis and Thornber, 1988) . However, LHC II is not re stricted to PSII; it can also serve as an antenna for PSI. A part from acting as a light-harvesting antenna, this complex is involved in thylakoid ad hesion (Arm ond et al., 1976) , and in the acclima tion of the photosynthetic apparatus to short-term and prolonged changes in the light regime. (Allen et al., 1981; Larsson et al., 1987) . Besides LHC II, three m inor chi a/fr-proteins have been found in PSII particles, nam ed CP29, CP26 and CP24 ac cording to their apparent molecular weights dur ing non-denaturing electrophoresis (for review, see Jansson, 1994) . It is generally accepted that these complexes function as interm ediates in transfer of excitation energy from LHC II to PSII reaction centers although it is suggested that CP29, CP26 and CP24 may also serve as sites of therm al deactivation of excess excitation energy within PSII (H orton et al., 1996) . The related PsbS (CP22) protein has recently been found to bind chi a and b (Funk et al., 1994) , although its precise function is unknown.
The light-harvesting chlorophyll a/Z?-protein complexes of photosystem II are encoded by the nuclear Lhcb genes (Jansson et al., 1992) . Lhcbl and Lhcb2 encode the two major LHC II proteins (Lhcbl and Lhcb2, respectively) while Lhcb3 en codes a minor LHC II protein (Lhcb3) that seems to be confined to PSII, and lacks the phosphoryla tion site at the N-terminus found in the major pro teins. CP29, CP26 and CP24 apoproteins are en coded by the Lhcb4, Lhcb5 and Lhcb6 genes, respectively and are sometimes referred to as Lhcb4, Lhcb5 and Lhcb6 . For the biochemist, the group of Lhcb proteins present a num ber of ana lytical problems. They are all of similar size, but variations in gel mobility between species and gel systems and m icroheterogeneities within each spe cies makes unambiguous identification without the use of antibodies tedious. Their immunological identification is not straightforward either, since the high level of homology between the proteins reduces the specificity of antibodies raised against even highly purified Lhcb proteins. They are also very hydrophobic, so purification of the proteins requires solubilisation from the thylakoid m em brane using relatively high concentrations of de tergents. Since the pigm ent-protein interactions are often weaker than the protein-protein interac tions, the detergent-purified proteins do not retain their original pigment content. Nonionic, glucosidic detergents are the best alternatives in this re spect, but their use leads, nevertheless, to signifi cant and irreproducible pigment loss. Thus, the pigment composition has not been unequivocally determ ined for any of the Lhcb proteins, (as re viewed in Jansson, 1994). As an example, Lhcb4 has been variously reported to bind from 4 to 1 3 -14 chi (a+b) molecules per m onom er and the cor responding range of values reported for CP26 is between 5 and 13-14 chi (a+fr)/monomer (B ar bato et al., 1989; Dainese and Bassi, 1991; Henrysson et al., 1989; Lee and Thornber, 1995) .
CP29, CP26 and CP24 seem to be monomeric proteins but LHC II is trimeric. Over the years, the term "monomeric LHC II" has been fre quently used, but it seems likely that "monomeric LHC II" corresponds either to CP29, CP26 and CP24, to LHC II trimers that have dissociated into monomers during preparation or to monomers that have not yet assembled into trim ers (Dreyfuss and Thornber, 1994) . Today, there is little doubt that in the mature, green thylakoid, L hcbl and Lhcb2 occur exclusively as trim ers which in turn can assemble into more highly-ordered structures (Jackowski and Kluck, 1994; P eter and Thornber, 1991) . For Lhcb3, the situation is not clear. A l though sometimes assumed to be a monomeric protein, there is evidence that it may occur in tri mers with Lhcbl or Lhcb2 (summarized in Jans son, 1994). A lot of different LHC II trimers can be resolved by IEF (Bassi et al., 1988; Jackowski, 1996; Jackowski and Przymusinski, 1995) but the biochemical differences between the different tri mers are still not understood. O ne obvious source of variation is that the trimers may be composed of different permutations of L hcbl and Lhcb2 su bunits. However, phosphorylation of individual apoproteins, and minor variations within popula tions of Lhcbl and Lhcb2, which are encoded by 842 multi-gene families (Jansson et al., 1992) are likely to add to the heterogeneity. The num ber of dif ferent trimers that can be obtained varies between species and gel systems, but is normally between three and six.
The present study was undertaken to clarify some of these ambiguities. A procedure allowing mild, efficient and rapid purification of carnation CP29 and CP26 suitable for reliable analysis is de scribed. These fractions, and three LHC II trimeric fractions, were analyzed using monospecific anti bodies yielding new biochemical data on the PSII LHC proteins. We dem onstrate in this report that each of the three different LHC II trimers has a unique polypeptide composition.
Materials and methods

Plant material
The studies were carried out using carnation (Dianthus caryophyllus L. cvs Rosalie, Galil) leaves obtained from a local supplier. We had p re viously found that carnation leaves provide a suit able starting material for studies concerning poly peptide composition of LHC II trimeric complexes (Jackowski and Przymusinski, 1995) as LHC II tri mers from carnation can be easily prepared and resolved with better performance than in other species, e g spinach (Spangfort and Andersson, 1989) and barley (Jackowski, 1996) . With the p re sent study, a more detailed knowledge of the PSII LHC proteins of carnation has been achieved.
Isolation and fractionation o f PSII complexes
PSII complexes were isolated as described by Enam i et al. (1989) , except that 300 mM KC1 was used instead of 40 m M MgCl2 during n-HTG-dependent solubilization of PSII particles (Jackowski and Kluck, 1994) . The PSII complexes were reco vered from the supernatant by centrifugation at 300 000 x g for 30 min, the resulting pellet was washed extensively with 2 m M EDTA, pH 7.00 and stored frozen in 1 0 % glycerol.
For separation of fractions, the PSII complexcontaining preparation was treated with DM and resolved by vertical slab gel ndlE F as described previously (Jackowski and Przymusinski, 1995) ex cept that 0.47% DM was included in the gel. The green fractions of PSII complex were electroe luted from the gel using Model 422 Electroeluter (BioRad, Italy) equipped with membrane caps of cutoff 12-15kD a.
Sucrose gradient ultracentrifugation
LHC II subcomplexes A-C were electroeluted from n dlE F gels using 2 0 m M Tris/maleate, pH 7 .0 , as an elution buffer. The samples were adjusted to 0 .3 7 5 mg chl/ml and LDS, OG and DM were added to yield the final concentrations of 0 .3 % , 0 .6 % and 0 . 3 % , respectively. The samples were in cubated on ice for 3 0 min. and spun in 0 . 2 -0 . 8 m sucrose gradients as described previously (Jackow ski, 1 9 9 6 ) .
SDS-PAGE and immunoblotting
SDS-PAGE of all samples was performed using the buffer system of Laemmli (1970) . Immunoblot analyses were perform ed as outlined earlier (Jans son et al., 1997).
Spectroscopic analyses
Steady-state absorption spectra were recorded at room tem perature using Shimadzu UV-VIS 160A spectrophotom eter. The analyses were made on samples electroeluted from the pieces of the gels in the presence of 20 mM Tris/maleate, pH 7.0. Chlorophyll a/b ratios were determ ined using the spectrum reconstitution m ethod (Razi Naqvi et al., 1997)
Results
Fractionation o f PSII pigment-protein complexes by IEF
W hen PSII particles were solubilized in the presence of n-HTG they were resolved into LHC II-containing pellets and PSII complexes, collected separately in two centrifugation steps. Following PSII complex treatm ent with 1 % DM and analysis of the solubilized mixture by the ndlE F protocol of Jackowski and Przymusinski (1995) (slightly modified), seven pigmented fractions were re solved in the pH range 3.5-5.0 (Fig. 1) 7 in order of decreasing pi value. Fractions 2 -7 focused in the form of well defined, narrow bands but the most alkaline fraction ( 1 ), consistently mi grated as a smear diffused in the pH 4.80-5.00 range. Bands 5 -7 had pi values and chi a/b ratios almost identical to those previously described for carnation LHC II trimeric subcomplexes A, B and C (Jackowski and Przymusinski, 1995).
Spectroscopic characterization o f the fractions
We recorded the room tem perature absorption spectra of each of the fractions. The absorption spectrum of fraction 1 was heavily dom inated by chi a components at 420, 435, 626.5 and 672.5 nm (Fig. 2) . The absence of a distinct peak or even shoulder around 650 nm indicates that the m ater ial of this fraction had a low chi b content. The distribution of peaks, and the shape of the spectrum was almost identical to that of the PSII reaction center complex purified by others (e.g. Dainese et al., 1990), thus fraction 1 is composed of carnation PSII reaction center complexes.
The absorption spectrum of fraction 2 showed chi a absorption peaks at 676.5 and 437.5 nm as well as features thought to be indicative of CP29 1.e. the presence of a minor but clearly visible peak attributable to chi b in red at 640 nm, and a pro nounced Soret peak, which is seen at about showed a considerable resemblance to the fraction 2 spectrum, including the pattern of chi a maxima and the presence of the chi b 640 nm peak, but it also displayed a m inor peak at 653 nm. Since the presence of chi b Qy-region minor peaks both at 640 and around 653 nm is indicative of CP26, we suggest that fraction 4 contained CP26 (chi a/b ra tio was 1.87 for this fraction). The spectrum of fraction 3 was interm ediate between those of frac tions 2 and 4. Bands 5, 6 and 7 had spectra charac teristic of LHC II, with dominating maxima at 673.5, 652, 470 and 437 nm. This provided confirm ation that these bands represented LHC II subun its, still present in the PSII complex preparation. Fractions 5, 6 and 7 had similar chi a/b ratios, 1.02, 0.98 and 1.05, respectively.
Polypeptide composition o f the fractions
Next, we analyzed the proteins present in the different fractions using SDS-PAGE and immunoblotting. The polypeptide composition of frac tions 1 -7 is shown in Fig. 3 . The majority of CBBstainable material of fraction 1 was attributed to psbO, psbB (it migrates as 43 kDa in carnation, data not shown) and psbE as well as to two poly peptides migrating at 30 and 67 kDa, apparently representing psbA/psbD and the psbA/D hetero dimer, respectively. Besides these fractions two unidentified polypeptides were observed at 2 0 and 14 kDa. Fraction 2 (CP29) contained one major (28.8 kDa), and one minor (28.5), polypeptide, and fraction 4 (CP26) contained the unique 26.6 kDa polypeptide. Fraction 3 consisted of both the poly peptides of fraction 2 , and the single species of fraction 4. Since fraction 3 appeared to be a mix ture of CP29 and CP26, both in terms of polypep tide composition and spectroscopy, we did not an alyze this fraction further. In accordance with expectations, fractions 5 -7 showed LHC II bands identical to those of LHC II subcomplexes A, B and C, respectively (Jackowski and Przymusinski, 1995). As can be seen in Fig. 4 , fractions 2, 4, and 5 -7 seemed to contain CP29, CP26 and the three LHC II subcomplexes highly purified. To corroborate these assignments, the polypep tides of these fractions were separated electrophoretically, electrotransferred onto nitrocellulose sheets and immunostained with monospecific anti bodies raised against Lhcbl, Lhcb2, Lhcb3, (LHC II type 1, 2, and 3, respectively) Lhcb4 (CP29) and Lhcb5 (CP26). As expected, both polypeptides (28.8 and 28.5 kD a) of fraction 2 reacted with the Lhcb4-antibody (Fig. 4) , and there was no sign of CP29 in any of the other fractions. The Lhcb5-antibody reacted with fraction 4 (CP26), but there was also a faint reaction with fraction 5 (LHC II subcomplex A). Taken together, this shows that CP29 and CP26 have been purified to homo geneity, that carnation CP26 is a single polypep tide of 26.6 kD a but that CP29 can be separated into two bands, at 28.8 and 28.5 kDa. Thus, the apparent molecular masses of Lhcb4 and Lhcb5 of carnation origin closely resemble the values de scribed for other plant species (Jansson, 1994). All three LHC II fractions (A, B and C) con tained Lhcbl, whereas Lhcb2 was found exclu sively in LHC II subcomplex B, and Lhcb3 only in subcomplex C. The Lhcbl and Lhcb3 apoproteins had an apparent molecular weight of 26.3 kDa, whereas Lhcb2 was present in two forms; of 26.3 and 25.7 kDa. The 26.3 kD a band that reacted with the Lhcb2 antibody could not be Lhcbl or Lhcb3, since the antibody does not react with LHC II subfractions A and C. On the basis of these results, we identify the 26.3 kDa polypeptide as a mixed population of Lhcbl, 2 and 3 gene pro ducts and the 25.7 kD as being encoded by Lhcb2. It can not be directly concluded from these experi ments w hether subcomplexes A, B and C are in monomeric or trimeric form. To get information on this we subjected the fractions, recovered from ndlEF, to ultracentrifugation in 0.2-0 . 8 m sucrose gradients. As illustrated in Fig. 5 , the material of the fractions was recovered as two zones sedimenting with different velocities. The majority of the m aterial was found in the lower zone, presum ably representing a trim eric form of LHC II. Even though there is a fraction of the m aterial reco vered at the position of monomeric LHC II, these data shows that subcomplexes A, B and C com prise LHC II trimers which , to some extent, have dissociated during the solubilization prior to ultra centrifugation. Thus, subcomplex A appears to be Lhcbl hom otrimer whereas subcomplexes B and C are heterotrim ers involving Lhcbl/Lhcb2 and Lhcbl/Lhcb3 pairs, respectively. Many fundamental characteristics of the LHC proteins are still unknown, largely due to the diffi culties in purifying the proteins in their native state, with their pigments still attached. The intro duction of novel, non-ionic detergents and utiliza tion of IEF have resulted in better preparations, but a num ber of basic features such as the precise polypeptide composition of different LHC II trimers remain to be determined. H ere we have puri fied and biochemically characterized CP26, CP29 and three different LHC II trimers from PSII par ticles prepared from carnation leaves. We believe these preparations to be close to the native state since the samples were received applying a mini mal num ber of preparative steps (ndlE F + electroelution).
We have isolated three different LHC II trimeric complexes, which differ in their apoprotein composition; subcomplex A consists only of L hcbl, subcomplex B of Lhcbl and Lhcb2 and subcomplex C of L hcbl and Lhcb3. The trimers are purified from PS II complexes that have lost some of their LHC II content but no additional trimers can be detected in carnation thylakoids (Jackowski and Przymusinski, 1995), so we be lieve that they represent the full set of carnation LHC II trimers. O ur data also allow us to draw some conclusions about their polypeptide stoichiometry. The most basic A subcomplex is obvi ously an Lhcbl homotrimer, and we believe that subcomplexes B and C consist of two Lhcbl proteins, together with one molecule of Lhcb2 and Lhcb3, respectively, for the following reasons. Firstly, the im munoreaction with the Lhcbl antibodies is approximately 50% stronger in subcomplex A than in B and C, on an equal lutein basis. Secondly, densitom etric scanning showed that the ratio of 26.3/25.7 kD a polypep tides in subcomplex B is very close to 2:1 (Jack owski and Przymusinski, 1995). Thirdly, we have shown that, in subcomplex C, 1/3 of the CBBstainable material focused in the 4.20-4.70 range during denaturing IE F and 2/3 at 5.57-5.90 whereas in subcomplexes A and B, all proteins focused between 5.50 and 5.90 (Jackowski and Przymusinski, 1995). As Lhcb3 is considerably more acidic than Lhcbl and Lhcb2 (Jansson, 1994) the three above findings are all consistent
Discussion
with the polypeptide stoichiometry (Lhcbl )3, (L hcbl)2 (Lhcb2) and (L hcbl)2 (Lhcb3) for sub complexes A, B and C, respectively, but not with other possible stoichiometries. Different LHC II trimers have been prepared from different species but the differences in apo protein composition between them have not pre viously been determined due to the lack of spe cific antibodies against the polypeptides. In some species, Lhcbl, Lhcb2 and Lhcb3 can be dif ferentiated by their gel mobility but in others this is not possible. In carnation, Lhcb3 and some of the Lhcb2, comigrates with Lhcbl and in spinach, Lhcb3 comigrates with Lhcb2 (Jans son, unpublished). Since the relative mobility is dependent on electrophoretic conditions and the proteins can exist in different electrophoretic forms, as noted for Lhcb2 above (and discussed in Sigrist and Staehelin, 1994) , identification without specific antibodies is, in our opinion, rather unreliable.
The chi a/b ratios of subcomplex A, B and C showed only small differences. When other prepa rations of subcomplex A, B and C was com pared (data not shown) no consistent differences were found so our data suggest that the three carnation LHC II trimers have identical pigment composi tion. We used the novel spectrum reconstruction m ethod (Razi Naqvi et al., 1997) for the determ i nation of pigment content since we consider this to be superior to older methods, but the trends were similar if two wavelength methods like Arnon (1949) or Porra et al., (1989) or H PLC deter minations were used. Yet, the chi a/b -ratios cal culated according to the newest m ethod and the older ones were not the same.
The CP26 (Lhcb5) protein of carnation has an apparent molecular mass of 26.6 kDa and carna tion CP29 migrates as two proteins, of 28.8 and 28.5 kDa. We do not know if these are products of different genes or different post-translational modifications like phosphorylation (Croce et al., 1996) or degradation. Such microheterogeneity has previously been reported for CP29 (Allen and Staehelin, 1992; Jansson, 1994) . The Chi a/b ratio of our CP29 preparation was found to be 1.87. We have thus isolated a CP29 complex with a signifi cantly lower chi a/b ratio than previously done but at this stage, we do not know whether this better represents the native CP29 complex. In contrast to some previous works (e. g. Peter and Thornber, 1991; Bassi et al., 1993; Phillip and Young 1995) our CP29 and CP26 preparations were very similar in chi a/b ratio.
The m ethod described in this paper can not be applied to purification of CP24 (Lhcb6 ), but we have recently been able to partially purify the 2 2 kD CP24 protein from carnation (Pietrowska and Jackowski, unpublished) using non-denaturing PAGE. In the carnation PSII preparations, CP24 does not seem to be abundant and the majority of it probably dissociates during PSII particle prepa ration, similar to the PS II preparation reported by H ankam er et al. (1997) .
We have here described a method for preparing highly purified carnation CP29 and CP26 and three different LHC II trimers in 6 -7 h, and have analyzed the apoprotein content of the prepara tions. By focusing PSII complexes in preparative gels (1.5 mm thick) and using dual-gel apparatus we could obtain 0 . 2 mg chi equivalents of each CP29 and CP26 in a single IEF run. This enables rapid isolation of large quantities of the pigmentprotein complexes, which we believe are suitable for further studies of their bio-and photochem is try. 
